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SIMPLIFIED TRUSS STABILITY CRITERIA
By W. F, Ballhaus and A, S, Niles

SUMMARY

Part I covers the development of simplified criteria
for the stability of planar pin—jointed trusses againsi
buckling in the plane of the truss, based on the earlier
work of Viscovich., Part II constitutes a report on tests
carried out to verify the velidity of the criteria devel-
oped in part I, The agreement between observed and pre-—
dicted critical loads was well within the range of prodba-—
ble experimental error. '

Thig investigation, conducted a2t the Stanford Univer-—
sity, was sponsored by, and conducted with financial assist—
ance from, the National Advisory Committee for Aeronautics.

I, GEYERAL STABILITY OF PLANAR PIN-JOINTED TRUSSES

When designing prectical trusses, an engineer seldom
considers the general stablility of the truss as a whele,
and very rarely treats the stability of a single member
as & function of the stiffnesees of those adjacent to it,
Usually the conventional design procedures lead to truss
designs which are stable. When, however, these procedures
are used and it is found that the axial force computed for
some meitber is zero, the calceculated required area of that
member 1s also zero. If such a member were omitted from
a statically determinate truss, the structure wounld usu—
ally be uastable, Also when the computed axial loazd in a
menber is very small, the use of an area which has been
computoed by the conventional procedures may result in such
8 flexible member that the stahility of the truss is
impaired. 1In practice the experienced engineer will
uswall; recognize such situations and use arbditrarily
selectcd momber siges, If he lacks a rational method of
computing the necessary stiffness and must rely on ex—
perience or intuition, he may use much larger sectional
areas than are really neecded. Since this would result
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in uwanecessary structural weight, a rational method of
attacking the provlem is desirable, The first part of
this report is devoted to the development of a simple and
practical method for predicting the critical intensity of
loading for a pin—connected planar -truss, with a simple
and practicable design procedure for the rational design
of the zero or slightly loaded members of & given truss
configuration. '

NOTATION
A cross—seciional area
E modulus of elasticity
K. spring constant
L longth
b axial lecad in link
U work
v axial load in supporting spring
v extornal load on truss

o angle of rotation or of deviation from nominal pogition
b deflectlion parallel to original direction of link axis
§ deflection normal to original direction of link axis

k3] ratio of lengths

The significance of subscripts and primes, and a few
seldom—used symbols, is indicated where they are introduced,

VISCOVICH'S STABILITY CRITERION

The method of analysis presented here is an extension
of that developed by 5. Viscoviech in refsrence 1. It will
therefore bPe helpful %to begin the development of the new
nethod by a brief statement of Viscovich'ls method as it
would be applied in a specific provlem, For this purpose



>

NAGCA TN Hc. 937 L 3

considor the truss of figure 1, for which the lengths and
sectlonal dimensions of all members are assumed to be
known. It is a2lso to be assumed that the truss was so
cambered that, when the load W is applied at joint E,
the bars AB and B0 form a straight line, Then,
according to the usual methods of stress analysis, the
design load for member BE woyld be zero. If member BE
were left out, the truss would continue to carry the load
at E s0 long as Jjoint B remained on the straight line
AC., Because of the pin joint at B, however, its equi~-
livrium would be unstable. It would also be unstable if
member BEI were t0o flexible to counteract any tendency
of joint B to move away from the line AC, The problem
is to determine the minimum stiffness required of menber
BE in order to obtain positive stability, or whether any
specific stiffness of that member is in excess of such
minimum.

Let the axial loads on the members preduced by the
load VW at joint B and associated reactions at D aad
F be called the "primary"™ axial loads. If member . AB
is subjected to a unit couple while the truss is subjected
to this primary load system, each member of the truss will
rotate with respect to the line joining the supports. The
magnitudes of these rotations may be computed by the -
method of virtual work or any eaquivalent procedure. The
unit couple should be assumed to be so small that the
angles of rotation, measured in radians, may be assuned
numerically equal to their sines and tangents and that the
cosines of these angles of rotation may be a2ssumed equal
to unity. The rotations producsd by the unit couple act-
ing on AB will be termed the "unit rotations™ and that
for anr member XY will be designated ayy.

One eoffect of the unit rotations would be t¢ change

"the geometry of the truss and therefore to modify the

axial loads developed to resist the load ¥ at joint E,
Since, however, it is assumed that the unit couple aud |
the resultiang unit rotations are small, such changes in
tho primary axial loads may be neglected, Though these _
primary axial loads may be assumed unchanged in magnitude,
they are not unchanged in direction; bubt their lines of
action have been subjected to the unit rotations. There—
forse at each joint the axial loads on the members may be
resolved into components parallesl and perpendicular tae the
original directions of the members on which they act, The
compeonents parallel to those original directions,

I_'xy cos @ ., may be assgumed equal to the primery axial
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loads, Pgy. The perpendicular components, ny gsin Gy v
mey similarly be assumed equal %o ny“xy-

Since the parallel components are equal in magnitude °
and parallel to the primary axial loads found from the
original truss analysis and the primary axial loads are
in equilibrium at each truss Jjoint, the parallel components
must be similarly in equilibrium at each joint. Furither-
more, since each truss member, XY, is designed to carry
its axial load ny, these forces alone would not produce

instavility.

The perpendicular components, .szmxy, are induced

by the unit rotations of the members and are theref%re
termed the "induced loads." In general, these induced
loads would not be in eguilibrium at each joint but would
cauise additional rotations of the truss members which may
be termed their "induced rotations.” The magnitudes of
the induced rotations can be computed from the induced
loads by the method of wvirtual work or any equivalent pro-—
cedure.s - '

Viscovich's stability criterion is that if the in-—
duced rotation of member AB is less than its rotation
owing to the unit couple applied to it, that member 1s in
stable equilibrium; while if the induced rotation exceeds
its rotation due to the unit couple, the equilidbrium of
that menber is unstable. In a statically determinate
truss lilze that under comnsideration, if any member is in
unstable equilibrium, the whole truss-will be unstable.

In applying this criterion it is necessary to sbtart
with the assumption of & specific system of unit rotations
produced by an arbitrerily located unit couple. For con-
plete proeof of the stability of a truss it would be neces—
gsary to investigate all possible locations for applying
the unit couple, and the designer would have to apply it
not only to each single member dbut also to each possible
group of members, In fect, it might be necessary to
essuule several unit couples acting simultaneously. In
practice, however, very few of the theoretically possible
unit rotation systems need bs investigated, and the crift-—
ical ones are easily identified. Thus for the truss of
figure 1 the lnvestigation could bé limited to determining
the effect of using too small a cross—sectional area for
member BE, and applying the unit couple to member A3,
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Unless some member is present for which the design
axial load is much smaller than those of its neighbors,
the resulting design sizes are large enough so that if »
each is capable of carrying its design load there will De
little danger of general instability of the truss. The
stability of members adjacent to an unstressed or very
lightly loaded member, however, may be impalred through
failure tec assign gufficiently large sectional dimensions
to the latter. The designer's problem is therefore to
identifr» these M"eritical? members, assign sectional areas
to then, and then to make sure that the adjacent members
have been made stabdble,

If different sizes are assigned to the oritical men-
bers and Viscovich'!s criterion is applied to each size,
the engineer may thus investigate the adegquacy of his de—
gign, Thig criterion, however, indicates only whether an
assuned size for the ceritical member 1ls sufficient to
provide stabilisy, To obtain the most efficlent design, -
geveral trials may be needed, sinee Viscovich failled to °
develon & procedurse for the direct determination of the
size of lizghtly loaded member needed for stability. If
his method were short, simple, and free from abnormal
hazards of calculation error, it would be acceptable in
practice. The opposite is ftrue, howsver, and the method,
as developed by Viscovich, is not suitable for practical
design work. The desirability of a simpler method for
the rational design of "unstressed" members and prediction
of the stability of pin-jointed planar trusees, has led %o
the extension of his procedure that is developed below,

STABILITY OF SYSTEMS OF EIASTICALLY SUPPORTED BARS

The stability of a pin—connected truss may be deter—
mined br suitable applicatlon of the stability criteria
of a small number of type systems of elastically supported,
absolutely rigid, pin-connected links., In fact, only
throe such systems are needsd for handling almost any stat-
ically determinate truss pattern, and the first step is to
develo» the stability criteria for these three systems.

The first to be considered is that shown in figure 2
where 2a absolubtely rigid link AB is connected to a2
rigidly supported frictionless pin at A  and is supported
at B by the elastic member BC which has a spring con-—
stant X, The lower end of BC 1s connected to & rigidly
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gsupported pin at G, It is assumed that the load P is
applied horizontally to the originally horilzontal member
AB, Tinoshenko has shown (reference 2) that the eritical
value of P for this system would be

b=
fer

L

> T.
& &

An equivalent statement is that the eritical value for
the spring constant K 1is '
(2)

Etg

Ker

The second system to bes gonsidered is that shown in
figure 3., Here the rigid links AE and BC are supported
at A and C. The support at & is assumed completely
restrained from movement in translation. That at ¢ is
regtrained against vertical motion, but is free to move
horigountally, There is no restraint against rotation at
either A or O, A%t B the two links are .joined by a
frictionless pin which is supported by the elastic member
BD of spring constant X, By extending to this system the
method used by Timoshenke to gnalyze that of figure 2,
Viscovich showed that the critical value of the spring con—
stant K would be

P P '
K = (-2b 4, _be 3
er Lot Lb;> (32

and if the axisl load is the same for both links, its
eritical value would be

= 2D __ke | (4)

The third system to be analyzed is that of figure 4
where the rigid link 4B is supported at its ends by the
elastic members AC and BD with spring constants K,
and K5, respectively, Viscovich analyzed this systen,
assuning the axial load P in AB to be constant, and
found a8 the criterion for stability

‘ X, kK L
Pop = S22l | )
Kl + Ka
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From this rélation, if Xy and P are specified, the
critical value of Xz 1is

K, P
K - - (8)

In extending Viscovichls work it will be assumed
that the axial load P, instead of being constant, varies
linearly from Py at A to Pi + wx at any point X
at the distance x from A. In studying this system it
is convenlent to¢o measure the movements of all points
along AB with respeet to vertical and horizontal axes
through A4, In effect this is eguivalent to replacing
the system of figure 4 by that of figure 5, but this ‘is
allowable since the stability criteria for the two systenms
are identical.

Assume the link AB +to rotate through the small
angle o, the center of rotation being any point E
along its length. The resultilng horizontel movement of
eny point X at the distance x from A would be

Yy = X vers o . ‘ (7}

If the engle o is small, and it is so assumed, -vers o
is aporoximately equal to a3/2. whence

Consider now a differential slement of the link AB
with its left end &t X, This eclement and the forces .act-
ing on it are shown in figure 6, in which the upper portlon
represents conditions before, and the lower portion condi-
tions after, the assumed rotation through the angle .

To satisfy the conditions of equilibrium

P, + ux + pdx - Py —pl(x + dx) = © (o)

As a result of the assumed rotation, the left end of
the clement would move horizonitally through the distance
¥Yx ond the right end through the distance Yy 4 gx. The

work donc by the horizontal forces acting on the element
would thorefore be
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2 2
= - - x - &’ ax
av, (®, + l-bx)_ 5 X pdx 5 (x + & )

+ [Pl + plx + dx)] %; (x + ax) (r0)

- -1

Combinc torms and neglect second—order differentials, and
this becones

-]
aUy = %; (P, ax + px dx) (1)

Sinceo, however, the angle o has been assumed small, it
may be represented by .

@ =82t 82 (12)
L a
whence
-
(8, + 83)

v, = (P, + px)dx (13)

2L?

The total work done by the horizontal forces on the link
can therefore be found by integration to be.

2 -L
(6, + 8 2,7P
Uy = —3—g 2) (Py + pxlax = (8, + 82) (-i + E) (14)
2L ) 4
0

2L

Since Py, the axial load at B is equal to P, + Wk,
B can be replaced by (P —~ P;)/L =and equation (14)
becomes
2
(6, + §3)

U, = YT (P, + Pg) (15)

The total strain energy stored in the springs as a
result of their elongations §, and. 8, is

E.8,° 32532
U; = + )
] i 2 2 ' (16)

According to the energy theory used by Timoshenko,
the eritical loading is that at which U, = Ui' Equating

the expressions for thosé gquantities and simplifying
gives
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' 2
.-+ &
K,5,° + Kgbg~ = (8, =T a) (P, + P3) (17)

In order %o satisfy the requirements of equilibrium,
the tension in one of the elastic members supporting the
link AB must be equal to the compression in the other.
If this force is designated by ¥V, &, = V/K, eand
83 = V/Kz. If these values for the deflections are in-
serted in equation (17), it may be simplified to

P, + P K, Kk
1. 2 - CERL N (18)
2 E, + Ka

If the axial load is constant, the left side of equation
{(18) nay be replaced by P and that equation becomes
identical with equation (5), checking Viscovich's result.
Thus Viscovich!s stability eriterion is valid for a lin-
early varying as well ag for a constant axial load in the
link if the average axisl load is used for P.

In the above development of stability criteria, the
links were assumed perfectly rigid -~ that is, inextensi-
Ple. The criteria found are equally applicable, however,
to extensible links, since it is assumed that any virtual
rotations of the links take place after the axial loads
have been imposed and that those- loads, and consequently
the link lengths, remain unchanged during the rotations,
A slight error may be introduced as a result of the axial
load being changed by the rotation, but as long as the
rotations are small, such errors would be negligible,

SIHPLIFIED TRUSS STABILITY OCOMPUTATIONS

In epplying Viscoviech's procedure for determining
the stability of a truss the entire structure must be
dealt with simultaneously. The simplified method pro-
posed here is to isolate and analyze small portions of
the truss, each including a member which is of such light
construction as to make the stability questionable,

These isolated portions would be treated as if they were
systents of the types analyzed above. This involves assun-
ing rigid support for the pins at which the isoclated por—
tion is altached to the remainder of the truss, It will
be convenient to illustrate the application of the
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procedure before attempting to demonstrate the walidlty of
this underlying assumption.

If the sectiocr of a pin-jointed truss shown in fig-—
ure 7 1s loaded as shown, no axial load will be imposed
on menber BC. Member AB, however, will be subjected
to an axial compression, Pgpy, equal to the external load

Wp. If jolnt © is assumed rigidly supported, menmbers

AB and BC form a system of the type shown in figure 2,
the sinilarly lettered members are equivalent %to each
other. The critical, or mininum allowable, spring coun—
stant for member BO will therefore be Kypg = Pap/Iape

The practical design problem, however, is to determine
not the critical spring constant, but the minimum allow-
able sizec for member BC. If that member 1ls assumed to
be eleostic, 1ts elongation under load is obtainable from
the relatidn

td
[y

AL =

|

(19)

s
=

where AL is the elongation, I +the original length,

P +the axial load, A the cross—sectional area, and E
the modulus of elasticity of the member. Since the spring
constant or Ystiffness" of 2 member is the ratio of its
axial load to the resulting elongation, for any membsr

AL L . (20)
The critical value of the spring constant of member
BC 1s therefore

P A B 4
Ky, = ~22 = -Be__be (21)
Lab Lye

fron wvhich the minimum allowable value for the sectional
area of B¢ 1is

Lye = Pab
By

where M is the ratio Ing/Lgys

n (22)

The same basic method can be used to deternine the
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required sectional area of member BE of the truss of
figure & for the loading shown. ZFor this example the

type system to be used consists of members AB, 3BC, sand
BB, which is equivalent to the system of figure 3. In
this case, since the truss and its loading are synnetriecal,
equation (3) for the critical value of the spring constant
when applied to nenmber 3BE, becones

2P .
= -8k 23
Epe = T2 (23)

Conmbination of this expression with equation (20) and
solving for &y, gives

2 P ' '
= oo 24
A"be Ebe n ( )

where n 1is the ratio Ipg/Igp.
ACCURAGY OF THE SIMPLIFIED METHOD

4s previously mentioned, this simplified method of
investigating the stability of a truss is based on the
assunption that the pins connecting the isolated portion
to the renainder of the truss may be assumed rigidly
gupported. ©Since completely rigid support is impossible,
the effective spring constants of the members assumed
elastic are somewhat less than those computed from sgua—
tion (20). VWhile it would be difficult to develop a gen—
eral proof that the resulting error in the computed areas
required for these membhers would be neglliglble in a rea-—
sonably well designed practical truss, it is not difficult
to show that this would probably be the case.

In the foregoing discussion the points at which the
gystenl under consideration were supported were assumed to
be rigidly supported. An alternative is %o assume that
each such point is elastically supported, and to define
age the "spring constant of a point® the ratio of load
imposed on that point to the resliilting movement of the
point parallel to the line of action of the load. Each
point therefore must be assumed to have two spring con—
gtants, one based on its movement under vertical and the
other based on its movement under horizontel force, and
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these may be termed its vertical and its horizontal spring
constants, respectively.

The criterion for the regquireéd area obtained for
member BE of figure 8 implies vertical spring constants
of infinity for points A, ©€, and E., It should be conm—
pared with the criterion which would be obtained if the
spring constants of those points were reduced to values
which vould be associated with reasonable selections for
the dimensions of the truss members, In the appendix the
analysis off & truss like that of figure 8 is summarized,
In selecting member sizes for this truss an allowable
working stress of 30,000 psi was assumed for the tension
members, and the Euler formula was used for the design of
the compresesion memboers, which were assumed sguare in
cross section. The sectional areas having been selected,
the naxt step was to determine for sach nmember its value
of L/AE, termed by J. Clerk Maxwell i1ts "extensibility"®
(reference 3)*. For this step E was taken as 30,000,000
rsi. Once the extensibilities of the members had been
deternined it was a2 simple matter to compubte, by the method
of virtual work, the vertical deflections of joints 4, G,
and T that would be produced by unit vertical loads im-
prosed at those Jjoints. The vertical spring comstants thus
detornined were Kg = Ko = 158,591 pounds per inch and

Ko = 106,400 pounds per inch.

This procedure included no basis for the design of
member BE. According to the simplified stedility cri-
terion described, however, the minimum allowable spring
' 2Py _ 2 X 30000

—— I 6
L,y 180

pounds per inch, Member BE was therefore assigned the

sectional area needed to produce this value.

constant for that menmnber would be

In the development of the simplified criterion for
stability the group of members converging at 3B was
assuned equivalent tec the system of figure 3. For the
more accurate investigation 1t is assumed equivalent to
that of figure 9a, where members AB, 3BC, and BE are
elastically supported at A, €, and E Dby springs

which have for their effective stiffnesses Kg, Kgs» and

Ke’ respectively, MNMember BE is assumed to have the

*It 1is to be noted that bhé extensibility of any
member is the reciprocal of lts stiffness or spring con-
stant. )
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effective stiffness Ky = 666 pounds per inch as calou—~
late(lo

This equivalent structure requires further simplifi-
csation in order to develop a satisfactory criterion for
its stability, ¥From inspection of figure Sa, bearing in
mind that the conditlons of equilibrium must remein satis—
filed, it can be seen that if points A and € move
uwpward when A&BC is subjected to a horizontal 16ad,
points B and % must move downward, In the systenm
under coansideration X, = K, and the vertical movements

of points A and O would be equal. If the deflections
are measured with respect to & line through A and C
instead of one through the supports, the system of figure
gb may be used in place of that of figure %a. In this
substitute structure the memders meeting at B ~are sup-
ported by & fixed pin at &, & vertically fixed pin at

¢ and a pair of springs at D, one with a spring con—
stant equal to K, and the other with a spring constant

equal to X,, Thig pair of springs in parallel may be
combined into & single epring of stiffness K + K¢,
which in thig structure would make its spring constant

equal 2 K. This modification is represented bdy figure
9¢.

The spring ED and the spring between D and the
fixod foundation act in series, the first having as its
spring coastant X, ,, eand the second 2 Kz, The effective
spring constant of the combination - that is, the spriang

constent of point E with respect to the foundation -
will then be (reference 4) '

- (2% )Xo
o ‘('5 Ka) + Ke (25)

and for the specific truss under study

= 317000 % 106000 _ 79,400 pounds per inch

317000 + 106000

This sffective system ie reprasented iﬁ figure 94. Simi-
larly the effective spring constant{ of point B can be
found from
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Ep = =22 : (26)

which glves
_ 666 X 79400
P " 566 + 79400

= 660,47 pouﬁds per inch

Thus the effect of neglecting the elasticity of the sup-—
ports of joints A, O, and E results in an error of
only G666 — 660,47 = 5,58 pounds per inech or 0,837 per—
cent,

Although the error resulting from the application of
the sinnlified criterion to the truss of flgure 8 is less
than 1 percent, this is not a proof that such errors will
be. comparably small for all practical trusses. If, in
practice, it were proposed to use an unstressed member
with a sw»nring constant little if any larger than that
ealled for by the simplified c¢riterion & more refimed
analysis similar to that made in this sectlion would be 'in
order., In practice, however, it will) nearly always be
found that the size reguired to satisfy other conditions,
such as those of handling, will be so much larger than
that called for by the simplified criterion that the ian—
herent error due to the simplification may clearly be
ignored. . .

IFFUCT OF DEVIATIONS FRbM NOMINAL TRUSS DIMENSIONS

The required stiffness of a critical member as cal—
cuzlated in the preceding sections is the minimum required
for the stability of the truss under the loading consid—
ered. While these calculations were based on the assump-—
tion that the truss would be geometrically perfect, that
would never be the case in a practical structure. A
complete investigation into the problem of stability of
pin—-jointed planar trusses must, therefore, includs a
discussion of the effects of deviationg of the actual
from the nominal truss dimensions upon the valldity of
the calculations or, if more convenient, the inclusion of
the effects of such deviations directly in the computa-—
tions.

If the truss of figure 10 is assumed to be manufac—
tured to a given degree of accuragy, the effects of
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deviations from the nominal dimensions would be to make
the angles ABE and CBE differ slightly from their nom—
inal value of 90° It can also be seen that if the truss
were originally designed without camber, the loads coming
on to the structure would cause an additional deviation
-from 90°% of the angles ABE and CBE, Furthermore the

[ [ . I P o gm vl -~ aTdmiumndasa +2da alddald amela

use UI J.u..l.u.!.a:.l. calivel bUl.i.l.u. QLINLIGUVE VILLD AadLlUDW QUELT e
deviation for but one loading condition. As the load at
B is increased, the angles A4BE and CBE will change
according to the ingrease in the load. Thus the total
deviation of the practical truss from the ideal truss pre—
viously considered may be represented by the total devia-—
tions, o,, of the angles ABE and OBE from 90

caused by rotations due to the elongations of the members
under load and deviations ian manufacture from the nominal
dimensions, The angle «g will be termed the initial
angle.

-
EN

For any given value for the initial angle, it is pos—
sible to design the entire truss, including member 3BE,
by the usual methods of truss design. The relation for
finding the axial locad on member BE 1is

P'be = 2 Pa'b dao ' (27)

ABE and OBEB are not the only angles that would be
affected by the deviatlions of the actual from the nominal
dimensions, dbut it should be obvious that members like
BE, which would be subjected to no load if it were not
for such deviations, are the only ones where the percent-—
age change 1in axial load due to the deviations would be
appreciablse.

After the magnitudes of the initial angles have been
decided upon and the axial load on BE has been computed
by the usual methods of truss analysis, the sectional
dimensions of that member may be obtained in the usual
mannere. In the problem at hand, if the allowable working
stress for BE is 0oy, the required sectional area for

that member will be

2 P o
hop = 2720 20 (28)
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Essentially, the calculation of the reguired stiff-—
ness for BE in the ideal $russ by the simplified sta-—
bility criterion may be interpreted as a computation of
the minimun area for BE consistent with stadbility.
Bguation (24) may be rewritten,

k
Thus two separate criteria are obtained for the design of
member BE, In equation (28) it can be seen that the re-—
guired area is directly proportional to the load in AB
and the angle agy, and inversely proportional to the
working stress Oy. In equation (24) the required area -
of member BE is directly proportional to the load in
AB and to the ratiec 7, and is inversely proportional
to the modulus of elasticity of the material. For differ-
ent trusses and different materials it is obvious that
first one, and then the other criterion might ylield the
larger value for ths minimum allowzble sectional area for
member BE. Naturaslly, the criterion calling for the
larger ares is that which should be used in design. 1%
ig therefore desirabie to develop & convenient method for
choosing the criterion to be used in any specific design
problen.,

If the areas from equations (24) and (28) are set
equal to each other and ag 1s plotted against cw/E,
the relation may be represented by a family of straight -
lines through the origin, one for each value of n. 4
diagran of this type is given in figure 1i. If the
point (axy, oy/B) lies on the line for the associated value
of mNn, the areas computed by the two criteria will be the
samne. If that point should lis above the line for the
associated value of 7m, the initial angle criterion will
vield tho larger area; while if 1t fallg below that 1line,
the simnlified stability criterion is the more severoc.
Figure 11 can therefore be used to determine the criterion
to be ennloyed in the design of a truss like that of fig-
ure 10,

If the effects of an initial angle upon the design
of & ncmber such as BC in figure 12 are to be investi-
gated, it can be seen that the support at A may be
taken as fixed. The total effect of the deviations of
actual from nominal dimensions may be reduced to a single
small acute angle between member AB and the vertical,
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- If this angle is designated a,, the usual method of
truss analysis yields for the minimum allowable sectional
area of nember Bl

2 - {29)

where Ape 1is the required sectional area of member 3B,
P is tho axial load in AB, and oy is the allowadle
working stress for member 3BC,

The simplified stability criterion for an ideal truss
of this type is given by equation (zl)land the area com—
puted from it is

Pap

=2 n (22)

hpe =

where 7 is the ratio Ipe/Igp.

If equations (29) and (22) are set equal to sach
other, the relations between ag, Oy/E, and n will be
represonteéd by figure 11, though that figure was originally
drawn upn for a different truss pattern, Figure 11l can
therofore be used in the design of a truss like that of
figure 12 in the same manner as in that of a truss like the
one shown in figure 10.

The method of investigating truses stability used in
developing the criteria of this report differs consideradly
from that proposed by Von Hises and Ratzersdorfer in refer—
ence 5. It would be of interest $o compare the results of
applying these alternative methods $0 some specific truss
designs., Limitation of time and personnel, however, 'pre—
vented the inclusion of such a comparlson in this repors.

I1l. EXPZRIMENTAL INVESTIGATION OF TRUSS STABILITY CRITERIL

Since no theoretical formula should be relied upon
until its validity has been established by tests, the
second part of the investigation covered by this report
was devotsd t0 the construction and the testing of a small
Pin~jointed truss to determine ite actual critiecal loagd.
The truss used was of the pattern shown in figures 1 and 8,
the unstressed vertical BE Ybeing so designed that its
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stiffness could be varied over a considerable range.

Originally it wae intended to compare the observed
ceritical loads for this truss with those computed by
Yiscovich'l!s criterion, While the computations to debter—
mine suitable sizeg for the truss members were 1in progress
it became evident that Viscovich's procedure was too com—
plicated and tedious for practical design, It was also
noticedl that the differences in calculated extensibilities
between .those for unstressed verticals likely to produce
instability and those of the other members were very great.
Study. of the formula for the effective spring constant of
two springs in series (equation (25)) indicated that for
practical purpoeses it would be reasonable to treat these
differences as if they were between finite and infinite
quantities, Thus if K is the effective epring cornstant
of a »air of springs in series, ons with a small spring
constant K, and the other with a very large spring con-—-
stant X5, and X,/Ks is assumed negligible in compari—
son with unity, '

x = X2.%s _.EAK_ = K, (30)
X, + X3 1+ El
2

The sinplified criterion was therefore developed as de-
scribed in part I of this report.

Had Viscovichl!s ecriterion been used for determining
the theoretical critical load for the test truss, it would
have been necessary 10 determine the extensivility of each
menbor. The development of the simplified criterion made
this supoerfluousg for all except the unstressed vertical,
but it was decided to determine the extensibilities of all
the memvers in order to have as complete information as
possible on the properties of the test truss. Tests were
therecfore made to0.obtain three types of deta: extensibil-
ities of members subject to finite primery stress, stiff-—
nesses of the member used for the unstressed vertical,
and critical loads for the truss, This part of the renort
is the record of those tests.

TEST MATERIAL

L3

The test specimen was a truss, of the pattern shown
in figures 1 and 8, which was specially designed for the
purpose, The tension members were 1/16~-by 3/16-inch
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annealed toal steel and the compression members were 7/32-
by ?/32-inch square polished drill rod, or 7/32-by w33~
inch square cold rolled steel, Thus all the materials
were comparatively soft, and easily machined to within
0.001 4ineh of nominal dimensions.

If the truss Jjoints are lettered as in figure 8,
joints A and D are located symmetrically to joints ¢
and F about the midplane of the truss. The jolnts were
s0 constructed that the resultant lcads on the individual
truss Dembers were within about 0.001 inch of being co—~
planar and acting along the centroidal axes of the members,
This was true although the members were not actually con-—
nected to singles pins at Jjoints A, ¢, and E, Tigure 13
shows the truss assembled., TFTigures 14 end 15 show the con-—
struction of joint € in detall, Figure 16 shows Jjoint
D, and figure 17 shows Jjoint 3B. ZFigure 18 shows Jjoint E
assemnbled and figure 19 showe the same joint with one of
the plates removed.

The unstressed vertical, or ecritical member BE of
figure 8, was so constructed that the axial stiffness could
be varied. This member had two main elements, as can be
gseen froa figure 20. The principal element was a steel rod
bent 90°% in two places to form a letter U. The othesr,
called the spacing bar, could be set to produce a stiffness
for the combination of almost any value from 2 pounds per
iach up to about 70,000 pounds per inch, The U-—shape
element was made of 1/16-by 3/16-inch annealed tool steel.
The swacing bar was made of 7/32-by 7/32-inch squars pol—
lshed drill rod. & loop of steel was provided over each
end of the spacing bar, so that the legs of the U could
be clamped against the ends of the spacing bar by set
screws which were located in these loops. The outer sur—
faces of the legs of the U were center-punched at equal
intervals so that. the conical endes of the set screws could
£it saugly into the conical center punch marks, After a
stiffness had been determined for a certain set of corre-
gponding center punch merks, it was always possible to re—
gain that same stiffness by fitting the set screws into
the sane two marks, Thus it was poessible to repeat sxper—
iments without remeasuring the stiffness of the member
after cach setting.



NACA T¥ ¥Vo. 937 ’ 20

TEST APPARATUS

Apparatus for Measuring Extensibilities

Fisure 21 shows the apparatus used for obtaining the
extensibilities of the tension members. A 3 by 8—inch
steel I-beam was erected with the outer face of one flange
vertical, and a trussed cantlilever dbracket was bolted %o
its upper end. A fitting which was drilled and slotted to
acconmodate the 1/16- by 3/16—ineh members of the truss
was bolted to the free end of this cantilever bracket.,

The tension members were hung directly from this fitting
and a sinilarly drilled and slotted fitting was provided

at the bottom end of each such member, From a milled

knife edge in this lower fitting there was hung a U—-shape
link of 1/4—inch steel rod which tended to reduce the
flexural rigidity of the system. A 1/2~ by 1/2-inch square
Pilece of steel 2 inches long was drilled along a diagonal
and held on the U member with a nut on each leg of the U.
This acted as a sort of knlfe edge which supported & steel
wire of about 3/64 inch diameter that was strung over it.
The lower end of this wire supported the weight pan. Thus
there were a total of four Jjoints, which tended to elimi~
nate almost all flexural rigidity of the load-applying sys—
tem, Load was applied directly to the wéight pan. Thus,
excent for an extremely minute amount of flexural rigldity,
the teasion load was applied vertically and axially to each
member. '

Two optical micrometers or microscopes, graduated %o
read to 1/2800C inch, were clemped %o a piece of 13— by 1i—
by 1/4—inch steel angle and were set at a distance equal to
the axial distance between the pins at the ends of the memnw—
ber being tested. Thie angle was supported by a structure
indenendent of the rest of the apparatus so the loads on
the specimen would not affect the distance between the
nlcroscopes, Under the usual increment of the load, about
25 pounds, the specimen as a whole moved measurably, due
to the flexibility of the cantilever bracket. Thus if
readings were taken from both micrometers at gero load,
the total elongation for & given load would be the movement
read at the bottom microscope minus the movement read at
the top nicroscope. '

Vhen the square section compression members were
tested this apparatus was modified, as shown in figure 232,
The member was hung from the cantilever bracket end fittiag
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by a short plece of 1/16— %y 7/32-inch stock which fit
into the nilled slots in both the fitting and the member
tested, The lower slotted fitting wae connected to the
lower end of the member by @nother short piece of 1/16—
by 7/32~inch steel which fit into the slots of the fitting
and the member tested, The other parts of the apparatus
were the same a8 in the tension member tests. Tension
loads were applied to these members, Youngl!s modulus for
tension and compression being assumed equal.

Apparatus for Heasuring Stiffness of the
Unstressed Vertical Member

The epparatus for measuring the spring constant of
the U—shape member ig shown in figure 23. The and of oné
leg of the U wag rigidly supported against horigontal
movenent by a thick ecagt iron block and was supported veor-—
tlcally by a small steel block, . The center of the bottom
of the U was set on a small hard steel roller which
rested on a hard pteel block. The end of the other leg of
the U &also rested on & hard steel roller. The rellers
elininated almosgt all friction, The U was supported atb
these three points so that 1t lay in a horizontal plane.

The load was applied vertically to & weight pan, and
was transmitted through a flexible string over an aluninunm
ball bearing V sheave to the horizontal directiozn. The
top of the V sheave was set in the same horizontal plane
as the U spring.

An optical micrometer, calibrated to read 0.000267
inch ®»er division, was set over the end of the free leg of
the U spring. BSincs it was sssumed, for the small loads
applied, that the end of the leg which bore directly on
the cast iron block did not move 8%t all, the measursment
of the movement of the end of the free leg was taken as
the change in distance between the two ends of the legs.
The ratlo of the lomd applied to the Seflection observed
wes talzen as the effective stiffness of the member BE.

- Truss=Testing Apparatus
Ag the truss had rather small dimensions in 2 lateral

directlon, it was evident that it might become laterally
unstable before becoming unstable in its plane., Since the
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objective was to determine its stadbility in ite plane, it
was necessary to provide lateral support. As shown in
figure 13, a rectanguler steel plate 1/2 inch thick was
supported at each end of the hottom edge so that the longer
sdge was horizontal and the face of the plate was in a
vertical plane. Two 120° V¥ grooves ware cut in the top
edge of the plate, 24 * 0,001 inch apart. Two machined and
case~hardened knife edges were set 1nto these grooves. 4
10-inch long bar of 3/4~ by 3/4-inch cold rolled steel hung
from each knife edge and lay against the face of the plate.
Theso bars hung vertically ang gave the effect of having
one end of the truss simply supported and the gther on
rollers, since they could rotate slightly &as the truss de-
formed under load, Slots 7/32 + 0,010 inch wide were
milled in the lower ends of these bars to accommddate the
endeg of the truss and to allow sufficient clearance for
free novement of the 7/22~ by 7/32~inch truss members,
Holes were drilled in the bars the samne sige ag the pins

in the ends of the truss members. Bach end of the truss
was soet in the milled slots and held there by the pins,

A piece of 0,005~inch shim stock 7/32 inch in dlamsber was
placed on sach side of the truss member and drilled so

that the Din held each.shim in place. This assured clsar-—
ance between the 7/%2-inch truss members and the material
on eijher side of the 7/32~+ 0.010-inch slot,

A Prass lateral support was provided near each of the
upper ends of the outside diagonal members. A single lat—
eral support was provided just to the left of the center
pin joint in the upper chord. Since this support had to
have as low & coefficient of friction as possible, two
knife edges of topl steel were made "dead hard' by heating
and quenching without subsequent drawing, They were then
polished and supported by brass fittings. The knife edges
were sypeced to give 0,001 ineh-elearance for the upper
chord menber which moved between them. Thus the entire
truss was laterally supported at five positions, this be-—
ing the minimum number for a truss having such configura-
tion and loading condltions. The friction forces caused
by these lateral supports was very small compared to the
loads in the truss members, and was lgnored.

Two adjustable stops, clamped to the vertical plate
which laterally supported the truss model, were provided
ebove and below the upper chord members t¢ prevent them
from rotating through too great an angle while the truss
was under load, The upper stop consisted of the spindle
and thimble of & micrometer; the lower stop was the
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rounded end of an extra-fine—thread screw., THe total
moveitont of the portion of the upper chord between these
stops could be measured to 0,001 inch by reading the
micromneter and then turning the thimble until the spindle
pushed the member into contact with the lower stop.

Light fron a small flashlight was reflected from the sup~-
porting plate through the gap betwsen the contact points
of the stops and the horizontal member which moved verti-
cally between them. In this way the first 0.0006 inch of
movenent of the member away from the stop could be ob-
gserved,

TEST PROCEDURES AND RESULIS

Determination of Extengibilities

Fach member was tested in direct tension while sup-
ported in the apparatus described. The weight pan and
fitsings Vetwesn it and the lower end of the member tested
were the only tare loads on the members. A reading of
each optical mierometer was %taken at zero load and at all
subsequent loads. The usual load increment wes 25 pounds
and the usmal maximum load was 150 pounds. There were,
therefore, six points at which load and elongation were
observed, The elongation was plotted against the load
for each nenmber .and the slope of the siraight line drawn
through these points was then taken as the extensibvillity
of tho nember. Four of these load—slongation gurves, one
from each pair of symmetrically located members, are shoun
in figures 24 and 25.

The extonsibility of each member was measured in this
manner at least twice. For each member the agreement beo~
tween the measured extensibilities waes within 2 percent.
With each pair the difference betwsen the average measurod
extensibilities for the lndividual members was less than
the swread of the measured extensibilities for each of the
pair, The average of all the measured sxtarsibilities ob=-
tained from tests on both members of a psir was therefore
taken as the extensibility of both of thuse members: The
extensibilities thus obtajined were: for members AB and
BG, 8.9 X_10 ° inch per pound; for 4D and OF, -
9.30 X 10 ° inch per pound; for AE and O, 56,43 X 10
inch per pound; and for DE and EF, 39.82 X 10°% inch
per pound,

&
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Since the -measured elongations were the changes in
distance between the pins through the ends of the members
and were affected by the sudden changes in section near
thoge ends, no attempt was made to obtain a close compar—
ison bedtween the observed values and values computed from
the dinensionp of the members and an assumed value for
Young'!s modulus., Approximate calculations, however,
showed that the observed elongations were of zeasonable
magnitude, The spread of 2 percent between separate tests
of & single member ie assumed to be an effect of imperfec—
tions in the test apparatus rather than a2 measure of devi-—
ations from some assumed ideal nominal dimensions, It is
of interest to note that this spread between the measured
extensibilities of individual membsers is considerably
greater than the computed error in the critvtical load for
the truss investigated in part I of this report. This is
one of the factors which Justifies the use of the simplie
fied criterion instead of the more precise but more '
tedious criteria for which it is offered as a substitubte.

Determination of the Stiffness of the U Member BE

The stiffness of the U member was measured with the
spacing bar at each one of the five sets of center punch
marks in the legs of the principal element. The set
screvs at each end of the spacing bar were tightened into
corresnonding center puach marks end the entire member
was placed in the apparatus for measuring the deflection
of one leg with respect to the other with each increment
of load, For each increment of load, usually an ounce,
the increment of deflection of the free leg was observed
through the optical micrometer and readings of load and
deflectlion weré recorded. The set screws were. then loos—
ened, the spacing bar was moved ‘to the next set of gcorre—
sponding center punch marks, and & new set of deflections
and loads was recorded. This procedure was repeated five
times tnd the results of the observations are plotted with
load versus deflection. The experimental spring constant
then is the slope of the loading~deflection curve. The
five curvos obtained are shown in figure 26.

After having gone through a series of tests to detor—
mine the spring constants, the procedure was completely
repeated to determine whether the assumption thet the
spring constant would be the same after changing the s»ac—
ing bar!s position actually was Justifiable. It was found
by these check tests that the observed values of the
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spring constants changed negliglbly when the spaciang bar
wee taken from one sat of center punch marks aand then ro-
turned to the same markes after other tests upon the U
member had been completed.

Dotormination of the Critical Lead for the Truss

For determining the eritical load for the truss it
was first assenbled and placed in the testing apperatus.
Tho offocts of friction in the jolnts were investigated
and it was found that, when the truss was carefully
loaded, if the upper chord members were carefully alined
after ocach increment of load and there were no vibrations
or other disturbing forces, the truss without the csesnter
vortical could be loaded up to the ultimate for the matoe~—
risl used, The abillity t0 earry such lvad in this condi-
tion was due to the vory acecurate alinement of the three
Pins in the uppor chord membors and the small amount of
friction in the pin joints. Although it was possible for
tho truss to be in oquilibrium without the center verti-
gal, tho structurc was not sfabdble in this condition.

WVhen a structure liko a truss is sudbjected to load
and 1s deformed to a configuretion in which all forces
are in cquilibrium, that configuration may be termsd the
equilibriun c¢onfiguration for tho given leoading. The
stability status under theso conditions dopends on what
happens wvhen the configuretion is slightly modified. If
thero is a tondency to return to the equilidbrium config-
uration, the equilibrium is stadle; if there is a tendency
to remain in the now configuration, the truss is in ngu~
tral equilibrium; and if the change in configuration tends
to beconme more pronounced, the equilibrium is unstabdle,
The tendency regarding roturan to the equilibrium position
is a function of the lead in actuel structures and, as the
load on a structure inereases, the tondeoney to return de—
creases until it changes into a tendency to deflect fur-
thor, The load at which the tendency to¢ return o tho
equilibrium position disappeers is takon as the eritical
load, In these tests only this tendency to return to the
equilibrium could be investigatcd,

In each test the U menber was adjusted to a given
stiffness and then wes placed in the truss. The truss
wvas noxt londed to within a fow pounds of the eritical
load calgulated for tho strueture By the simplified sta—
bility ceriterion., The upper chord members were then so
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rotated by hand that the center pin Joint connecting these
members was moved vertically 0.030 inch in each direction
fromn the mean equilibrium position, the tdp and botton
stops having been adjusted so that the rotatlons could not
excéed these values. This involved 2 rotation of the mem—
bers of about x0,005 radian., When the members were rotated
while the load on the truss was below the calculated crik-
ipgal load, a perceptible amount of spring back from the
stops was observed. As the loazd was increased, the amount
of spring back decreased; and when the spring back com~
pletely dlsappeared, the total megnitude of the load was
recorded as an observed eritical 1load.

This procedure was repeated until the complete series
of five stiffnesses of the U member had been used in the
truss, and critical loads corresponding to these stiff-—
nesses ned been observed., The results of the tests are
kummarized in the table below.

S¢iffness of Calculated . Cbserved
U member, K critlical load critical load
(1b/1a.) . (1v) (1b)
(max, ) (min,)
6.09 24.36 ' 24.8 23,8
8.36 33 .44 G4.2 31.8
11,54 46,156 4% .25 45,0
16.39 65.566 67.0 64,0
26,00 104,00 106,0 102,0

It is interesting to note that the absolute differ—
enco between the observed critical load and that calculated
by the simplified criterion from the given stiffneasses of
the critical member increfsed directly as the load; the
prercentage difference remained approximately constant.

This may be explained as mogtly due to the effect of the
friction in the joints &, B, =and € of the members 43
and 3BO., Since the forces transmitted throeugh the pins to
the holes at these joints are proporftiomal to the load on ,
the trwss, if the static coefficient of friction is assumed
t0 be constant, the frictlon forces vary édirectly with the
load on the truss, It was found that rotating the upper
chord mnembers by hand and observing the tendency to spring
back tended to eliminate mogt of the frictional effects,
but the spread of %the test results indicates that the
elimination was not complete.

Trom the simplified stability criteérion it is evident
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that the critical load on the truss should be dirsectly
proportional te the stiffness of the U member. There—
fore, if the stiffness of the critical member 1is plotted
against the oObserved critical load, the resulting curve
should be & straight line, Figure 27 shows the agreecnent
of the observed eritical loads, for the various gt iff-
nessos of the unstrossed vertical, with the calculated
eritical loads computed from the same stiffnesses, The
short horizontal lines intersecting the diagonal indicate
the range of obsexved critical loads for each stiffness
of the vortical.

CONCLUS IONS

l, The simplified stadility criteria developed in
part I provide a convenient tool for investigating the
stability of pin-jointed trusses against buckling in the
truss plane. They also provide a rational method for de-
signing those members of a truss for which the axial
loads conputed by the standard methods of analysis ars
very small,

2, The simplified criteria are applicable when the
loads in the truss membors ars due primarily to deviations
of actual from nominal dimensions,

3¢ The tests of part II indicate %hat the simplified

criteria of part I are valid, i

Stanford University,
Stanford University, Calif,, March 30, 1944,
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APPENDIX

OOUPUTATION OF THEE VERTICAL STIFFNESS OF JOINTS
A, ¢, AND ¥ QF THE TRUSS OF FTIGURE 8

Figure 4-1 is a line dlagram of the truss of figurec 8.
Alongside each member are listed in order: the computed
extenslbi7ity of ths member in incheos per pound multiplied
by 10°% . the axial load due to 80 kips at Jjoint E, +the
axial load due to a unit load 2% joint A, and the axial
load duc to a unit load at joint X. In the design of the
tenxion meabers the allowable stross was. taken as 30,000
psi. Tho compression memhers wore assumcd. sguare in cross
sectlon and were dosigned by the Euler formula as pin-end
eolunns, with 3 = 30,000,000, Formulas for the sectionoal
aroe requircd were developed as follows:

P .
Tenslion memnbers: Axy =:E§I = EBBI— = 33,38 X :'I.O"e ny in.
. w

2

-10 =] %

2
Compression members: P = n_EI I = 33,77 X 10 PL in,

L?

4
but Ixy = B_ for a square cross section

12

% = 121 = 12 x 33.77 x 10- 1% p1®

< -1l0

b 405,2 X 10 PL®

E = 30X 10° 1b/3in.?

With theso formulas the extonsibilities were conmputed as
indicgted 1ln tadle 4-1
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-Table A=l
- 2 4 3 L 9
Hemboer ?xy L L B b =A-xy EXIO
AB -50,000 | 180 32,400 78.78 8.B76 676,0
BC -50,000 | 180 32,400 78.78 B, 878 ! 676,.,0
AD -50,000 | 300 90,000 | 182,836 { 13,604 740.,5
oF -50,000 | 300Q 90,000 | 182.36 ) 13.504 746,5
AR 50,000 | 300 90,000 | —————m l.66% 5,999,0
k] 50,000 | 800 80,000 { = 1.667 5,99¢,0
DB 30,000 360 [ 129,800 | ————— 1,000 12.000,0
TE 30,000 | 360 11292,600 | —me—wm 1.000 12.000,0
3% o] 240 | 129,600 ] -

Commutations of ghe vertlieal stiffnesses of Jjoints A,

C, ané E by the method of virtual work are outlinecd in
tables A-2 and A-3,
Table A~2
Joint A or O
2 P =2
3 a e
Memb ar Pa Pa —-ﬁ—x 10
: ' - 8L

43 0,3750 [0.1406 95,0 | 85 = 107° 2x2 30% 4y,

BC «3750 | .14086 95,0 . AZ

4D + 9375 .8789 650,8 1

oF »3125 | .0977 73.3 | Eyp = == 1b/in, .

AB .3125 L0977 586.1 §x

aB ~.3125 | .0977 588,1 _s

DA ~.5625 | .3164| 3,796.8 | 8, = 6305.5 x 10" in/1l 1b

EF ~.1875 , 0352 422,4 load.

BE Q 0

~d 1 X, = K, = 158,591 1b/in.
2
p, L -
S: ~2.- x 10° = 5,305,5
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Table 4-3
Joint B
=]
Pg <L ®
Mem‘ner ?& paz —i—i—-x 10
AB ~0,7500 | 0.5625 380.3 | 6o = 9398.56 x 10°° 1v/1 1b
BO ~.7500 | .5625 380.3 load,
AD ~.6250 | ,3906 289.2 | ¢ - 10 ,
oF _l6250 | .3906| 289.s| Fe = 106,400 1b/inm,
AE .6250 | .3906 | 2,343.1
OE .6250 | .3906| 2,343.1
DE' 3750 | .1406 1,687.2
BT 3750 | .1406| 1,687.2
BE —
2y,
Sﬂ Pe_"x10° = 9,399.6

et




2.~ Link with alantl
Flgure 2;&111

Figln'. 5-"

Two links with single elastie aupport.

! a b
-'-n
-"h. B

Figure 4.~ Link alashiecally supported
at hokh emds,

x_%_.,

. ~L.

Fignes S5,- Link of figure 4 with
horisontal restraint.
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Py 4 px —— wix [e—Py + p {x + ax)
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Figure G.- Foroes on ol-nnt of Mnk
of figure B
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Hgure 0.« Bquivalenk spring systess,

ém,m /" E mS>0e8 ; l'.‘- 158,801 #M
:I.OG,M '/‘ T (a)
A
!Q! Ky~ 688 #/*
L 108.400 " . (b)
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Flgurs 7.~ Forkion of N truss.

A \c

Figure 10,- Truas with initlel deformmilon.
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NACA TN No. 937 Fige. 11,13

™8 / n=4 - ’ =2
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T
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° 1 2 [
F (xose)

Figure 1l.~ Curves for determining appliocable oriterion.



Figs. 13,14,15

937

NACA TN No.

13.= Experimentsl truss,

Figure

Figure 15.,« Joint G, exploded:

assembled

Joint C,

Figure 14



' NACA TN No. 937 | ' Figs. 16,17,18,19

Figure 16.- Joint D. Figure 17.- Joint B.

1 .
e b e,
Q

Figure 18.- Joint E, complete.’ Figure 19.~ Joint E, gusset
plate removed.



Figs. 80,8l

NACA TN No. 937

‘Figure 20,- Varisble stiffness member EE,

Figure 21,- Extensibllity test,
tension membenr,



NACA TN No.

937

Figs: 82,283

Figure 22,~ Extensi-
bility test,
compression
membeor,.

Figure 23.,- Stiffness
test,
member BE,
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Figurs 24,~ Load-slcogatlon curves, compression membars.
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Figure 26.~ Load-elengation curves, msamber BE,
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Flgure 27.= Truss sritical load versus stiffness of member EE,



-4
B
S
t -
=
- 7500 =o7500 w
+,3750 +*, 3780 o
80 =80 ©
676 B 876 &

A C .
K ®158,591 lblln/K : N—m,su 1b/in.
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Figure A=-l,- Extensibilities sand unit load systeams
for truas of figure 8, .

Extensibilities :l::l.og are noted nearest emch member, then foroes due to 80-kip load at
center, then forces dwe to unit load at A and finally forces due to wnlt load at E. >




